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Abstract: We present a theoretical study of the time-dependent laser alignment of molecules taking into
account the hyperfine coupling due to nuclear-quadrupole interactions. The coupling of nuclear spins to
the overall angular momentum of molecules significantly influences their rotational dynamics. Here, we
systematically analyze the impact of the nuclear-quadrupole coupling on the rotational dynamics of the linear
I2 and the asymmetric-top diiodobenzene molecule induced by external laser fields. We explore different
regimes of pulse shapes and laser-pulse intensities and detail under which conditions the quadrupole coupling
cannot be neglected in the description of the laser alignment of molecules.
I. Introduction
Controlling the rotational motion of molecules with ex-
ternal electric fields is among the most interesting goals in
physical chemistry. The simplest approach to theoretically
describe this field-induced control relies on applying the
rigid-rotor approximation. For many molecular species,
this approach has been shown to be sufficient,1–5 even for
some floppy molecules.6 However, the coupling of the over-
all angular momentum to additional angular momenta
or internal rotations cannot be neglected under certain
circumstances. For instance, it has been shown that cou-
pling of nuclear spins and the overall angular momentum
can have a significant impact on the rotational dynamics
on experimentally relevant timescales.7–15
Fixing molecules in space, i. e., aligning and orienting
them,16–18 is of particular interest among rotational con-
trol schemes as it reduces the blurring of experimental
observables caused by averaging over the random orienta-
tions and allows to obtain information in the molecular
frame.19–21 Molecules can be aligned by subjecting them
to nonresonant laser fields. If the laser pulse is switched
on slowly compared to the molecular rotational period,
adiabatic alignment is achieved. On the other hand, by us-
ing short laser pulses, coherent superpositions of field-free
rotational states are created. The wave packets rephase
periodically and show revivals of the alignment in field-free
space.1,22–24 Such coherent superpositions can also be ob-
tained by shaped laser pulses which are turned off rapidly
compared to the rotational period of the molecule.25–29
Recently, it has been shown that the impulsive align-
ment of I2 molecules can only be described accurately if
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the nuclear-quadrupole coupling is taken into account.30
We previously developed a generalized methodology to
describe the rovibrational dynamics of molecules includ-
ing nuclear-quadrupole interactions.31 Here, we system-
atically analyze the impact of this coupling in different
existing techniques for laser alignment of prototypical
linear and asymmetric top molecules using I2 and 1,4-
diiodobenzene as examples. Our results thereby serve as
a guideline to understand under which circumstances the
quadrupole coupling has a significant influence on the
rational dynamics.
II. Theoretical Description
In I2 and 1,4-diiodobenzene (DIB), the interaction be-
tween the nuclear quadruple moments of two equivalent
iodine 127I nuclei and the electric field gradients, arising
from the charge distributions of the surrounding nuclei
and electrons, lead to the well known hyperfine splittings
of the rotational energy levels. Each rotational level of
the molecule is thus split into a maximum of 36 sub-levels,
labeled by the quantum number F of the total angular
momentum operator F = J+I, where J is the rotational
angular momentum neglecting the spin, which for the
molecules considered here is the angular momentum of
overall rotation. Here, I = I1+I2 is the collective nuclear
spin angular momentum operator with I1 = I2 = 5/2 and
thus 0 ≤ I ≤ 5.
The theoretical model for the nuclear-quadrupole inter-
actions has been described before.31 Briefly, within the
Born-Oppenheimer and semirigid-rotor approximations,
the field-free Hamiltonian can be written as
Hmol = Hrot +
∑
l=1,2
V (l) ·Q(l), (1)
where Hrot is the semirigid-rotor Hamiltonian. The rota-
tional constant of I2 was experimentally determined to
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2B = 1118.63 MHz.30 For DIB, the rotational constants
Bz = A = 5712.768 MHz, By = B = 159.017 MHz, and
Bx = C = 154.710 MHz were obtained from a geome-
try optimization using density functional theory (DFT)
with the B3LYP functional and the def2-QZVPP ba-
sis set;32,33 for the iodine atoms the effective core po-
tential def2-ECP was used.34 All electronic structure
calculations employed the quantum-chemistry package
ORCA.35,36 The molecule-fixed frame (MFF), x, y, z, is
defined by the principal axes of inertia. In the second
term, Q(l) is the nuclear-quadrupole tensor of the l-th
iodine nucleus and V (l) is the electric-field-gradient ten-
sor at the instantaneous position of the corresponding
nucleus. Due to the symmetry of DIB, the electric-field-
gradient (EFG) tensors on the two iodine centers are
equal to each other with nonzero elements only on the
diagonal Vxx = −5.5879 a. u., Vyy = −6.2295 a. u. and
Vzz = 11.8174 a. u.. The nuclear quadrupole moment for
127I is Q = −696 mb.37 For I2, instead of computing the
EFG tensors we used the experimental nuclear-quadrupole
coupling constant χzz = eQVzz = −2.45258 GHz,38 with
the elementary charge e.
The interaction of a molecule with a nonresonant laser
field, linearly polarized along the laboratory-fixed Z axis,
is given by
Hlas(t) = − I(t)
2ε0c
αZZ (2)
where αZZ is the element of the polarizability tensor of
the molecule along the laser polarization axis. The po-
larizabilities defined in the laboratory frame are directly
transformed to the molecular frame αij (i, j = x, y, z).39
For both, I2 and DIB, the polarizability tensor αij is
diagonal in the inertial frame. For I2, we used the values
αxx = αyy = 7.94 Å
3 and αzz = 13.96 Å
3.40 For DIB,
calculated values of αxx = 11.307 Å
3, αyy = 16.676 Å
3,
and αzz = 32.667 Å
3 were used41. Calculations of the
EFG and polarizability tensors for the DIB molecule were
carried out at the DFT/B3LYP level of theory using the
all-electron scalar relativistic Douglas-Kroll-Hess Hamil-
tonian42 with the DKH-def2-TZVP basis set.43,44
To study the rotational dynamics of I2 and DIB, we
solved the time-dependent Schrödinger equation (TDSE)
for the full Hamiltonian
H(t) = Hmol +Hlas(t). (3)
The time-dependent wave function was built from a super-
position of the field-free spin-rotational eigenfunctions of
Hmol. The time-dependent coefficients were determined
by numerical solution of the TDSE using the split-operator
method using RichMol.39 To obtain the field-free eigen-
functions, we solved the time-independent Schrödinger
equation for the Hamiltonian Hmol. The matrix represen-
tation of Hmol was constructed in a symmetry-adapted
coupled basis |F, J, I, w〉 of the rotational wave functions
|J,w〉 and the nuclear-spin functions |I〉. Here, w repre-
sents additional rotational (pseudo) quantum numbers,
such as Ka and Kc for DIB. For I2, we took into account
the symmetry requirement that J and I have to be either
both even or both odd,45 while for DIB all combinations
of basis states are allowed. The rotational states |J,w〉
were obtained as linear combinations of symmetric top
functions by diagonalizing Hrot. The explicit expressions
for the matrix elements of the quadrupole coupling Hamil-
tonian and various multipole Cartesian tensor operators
can be found elsewhere.31,46,47 To obtain the matrix rep-
resentation of the interaction Hamiltonian, the matrix
elements were first set up in the coupled basis46 and then
transformed to the field-free eigenbasis.31 The alignment
is quantified by
〈
cos2θ
〉
, with the Euler angle θ between
the molecule-fixed z and the laboratory-fixed Z axes.
III. Results and Discussion
Adiabatic alignment We considered a linearly po-
larized laser pulse with a Gaussian envelope I(t) =
I0 exp
(−4 ln 2t2/τ2FWHM), where τFWHM = 8 ns and
I0 = 2 × 1011 W/cm2. For the rotational temperature
Trot = 0 K, we assumed that all hyperfine states cor-
responding to the rotational ground state J = 0 were
populated according to their statistical weights. For I2,
the spin-rotational states with even I have equal weights
while the ones with odd I have zero weights.45 For DIB,
the Hydrogen nuclear-spin functions result in weights of 7
(3) for even (odd) I; see Appendix A. The adiabatic align-
ment with nuclear-quadrupole coupling was computed by
averaging over individually obtained alignment results for
the 15 (36) initial nuclear-spin states of I2 (DIB).
The interaction of the external electric field with the
polarizability of the molecules is much stronger than the
quadrupole-coupling interaction, resulting in the decou-
pling of the nuclear spins from the overall-rotation angular
momentum. As a result, the influence of the nuclear-
quadrupole coupling on the adiabatic alignment is negli-
gible for both molecules. At the peak intensity, we thus
obtained
〈
cos2θ
〉
= 0.946 and
〈
cos2θ
〉
= 0.988 for I2
and DIB, respectively, both, including and neglecting the
quadrupole coupling.
Impulsive alignment We analyzed the impulsive
alignment induced by short (τFWHM = 1 ps) nonresonant
linearly polarized laser pulses with Gaussian envelopes.
We compared the post-pulse dynamics including and ne-
glecting the nuclear-quadrupole coupling for the rotational
gound states, i. e., Trot = 0 K. To allow for a better com-
parison of the alignment with and without the coupling,
we used initial states with well defined rotational quantum
numbers, i. e., uncoupled states |IMI〉 |00〉 (|IMI〉 |0000〉)
for I2 (DIB), and averaged over the results for the dif-
ferent spin isomers, see above. We point out that the
corresponding field-free eigenstates have contributions of
J > 0 rotational states, which might lead to additional
differences in the dynamics. To solve the TDSE, we
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FIG. 1. Impulsive alignment induced by laser pulses with τFWHM = 1 ps for (a–d) I2 and (e–h) DIB including (QC) and
neglecting the nuclear-quadrupole coupling (noQC). The expectation value
〈
cos2θ
〉
is shown as a function of t/τrot, where τrot is
the rotation period of the molecules. For each row, the laser intensities were chosen to create rotational wave packets involving
similar distributions of J values for both molecules when the quadrupole coupling is neglected.
projected each initial state onto the field-free eigenbasis.
Fig. 1 shows the post-pulse alignment for (a–d) I2 for
intensities 3× 1011 W/cm2 < I0 < 3× 1012 W/cm2 and
(e–h) DIB for intensities 1011 W/cm2 < I0 < 1012 W/cm2
as a function of time in units of the rotational periods,
τrot = 446.98 ps and τrot = 3187.48 ps for I2 and DIB,
respectively. The post-pulse alignment simulated without
the quadrupole interaction shows typical revival structures
for rotational wave packets induced by short laser pulses.
For the smallest intensities, Fig. 1 a, e, the field-dressed
dynamics is dominated by a few low-energy rotational
states and
〈
cos2θ
〉
oscillates with the period τrot. For DIB
and I0 = 1011 W/cm2, contributions of rotational states
with Ka > 0 are negligible and the post-pulse dynamics is
similar to the one of the linear molecule I2. With increas-
ing intensity I0, more highly excited rotational states are
involved in the dynamics. The rotational dynamics of DIB
in Fig. 1 h shows a decrease of the peak alignment over
time resulting from the asymmetry splitting of rotational
states with Ka > 0.2,48
The effect of the nuclear-quadrupole coupling on the
alignment depends strongly on the laser intensity. For
the low intensities in Fig. 1 a, e it is strongest and the
field-free alignment decreases over time for both I2 and
DIB. However, during the short pulse the quadrupole in-
teraction plays a negligible role for both molecules due to
a decoupling of the nuclear spin and overall-rotation an-
gular momenta. The laser field only affects the rotational
part of the wave packet, leaving the nuclear-spin quanta
unchanged. As a consequence, the alignment traces with
and without the quadrupole coupling are very similar to
each other directly after the laser pulse. This also holds
for higher laser intensities.
For DIB, the alignment then decreases quickly after the
pulse, while for I2 the rotational dynamics starts to differ
at t ≈ τrot/2. This decrease in the field-free alignment
for small intensities can be rationalized in terms of the
hyperfine energy levels of the Hamiltonian (1). For the
low-energy rotational states, which contribute most to the
dynamics in Fig. 1 a, e, the hyperfine-splitting patterns
depend strongly on J . These irregular patterns introduce
incommensurate frequencies that lead to a dephasing of
the wave packet, thus preventing strong revivals of the
alignment. In contrast to I2, for DIB the energy differences
of hyperfine components within the low-energy rotational
states are similar to the energy differences between the
rotational levels themselves and strong inter-J coupling is
observed in the spin-rotational states. As a consequence,
the alignment of DIB is affected much more strongly and
faster, with respect to the rotational timescale, than it is
4for I2.
The influence of the quadrupole coupling can also be
interpreted using a classical picture. The precession of I
and J around F results in a variation of their projections
MJ and MI , leading to a decrease of the alignment. In
addition, the magnitudes |I| and |J | are changed over
time by the quadrupole coupling, further affecting the
rotational dynamics. Note that for I2, the changes in |J |
are very small but a change in |I| stills affects the spatial
orientation of J , since the total angular momentum F is
preserved.
As the laser intensity was risen, Fig. 1 b–d, f–h, the
influence of the quadrupole interaction diminished for
both molecules. In Fig. 1 d, h, minor differences can only
be observed after the first rotational period. For these
strong fields, highly excited states with up to J ≈ 44
(and Ka ≈ 10 for DIB) dominate the post-pulse dynam-
ics, for which the hyperfine patterns become increasingly
uniform.49,50 For these large J , the matrix elements of
cos2 θ that contribute significantly to the alignment are
those between field-free eigenstates with ∆F = ∆J and
the same nuclear-spin contributions. Since the hyperfine
energy shifts are approximately the same for these states,
their energy gaps are very similar to those between the
corresponding rotational levels. As a result, we observe
only a very weak dephasing in Fig. 1 d, h.
If field-free eigenstates are used as initial states, the
averaged alignment results for I2 do not differ significantly
from the result in Fig. 1. For DIB on the other hand, we
observe small deviations originating from a considerable
mixing of different J-states in the hyperfine eigenstates,
modifying the initial rotational wave function. The impact
of the quadrupole interaction is, however, qualitatively
the same. The different sets of initial states can only be
considered equivalent when the result is averaged over all
different spin isomers and M -states for a given rotational
level. Individual eigenstates are in general linear combi-
nations of uncoupled states with different values of I, MI
and MJ , even if the coupling of different J-states by the
quadrupole interactions is neglected.
Truncated pulse alignment For asymmetric top
molecules, truncated laser pulses typically allow one to
obtain larger degrees of field-free alignment than short
laser pulses, taking advantage of the initial adiabatic align-
ment.25,29 Here, we consider a laser pulse with a rising
and falling edge, both with a Gaussian shape correspond-
ing to τFWHM = 600 ps and τFWHM = 2 ps, respectively,
and a peak intensity of I0 = 5× 1011W/cm2.
The alignment results for I2 and DIB as a function of
t/τrot are shown in Fig. 2 a, b, respectively. For both
molecules, strong alignment was reached before the cut-
off of the laser field with
〈
cos2θ
〉
close to 1. As in the
adiabatic regime, the effect of the quadrupole coupling on
the degree of alignment is very weak in the presence of the
field. After the laser field is switched off, the quadrupole-
free alignment shows a typical revival structure. For the
linear I2 molecules,
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〉
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FIG. 2. Truncated pulse alignment with and without
quadrupole coupling (QC and noQC) as a function of t/τrot
for (a) I2 and (b) DIB following a truncated laser pulse with
a maximum laser intensity of I0 = 5× 1011W/cm2. The ris-
ing and falling edges of the pulse had Gaussian shapes with
τFWHM = 600 ps and 2 ps, respectively.
reaches the same value as during the pulse,
〈
cos2θ
〉
=
0.96. Analogous behavior was observed for DIB with〈
cos2θ
〉
= 0.98. Note that such high degrees of the post-
pulse alignment for DIB are generally possible because
the molecule is a near symmetric-top with only small
populations of states with Ka > 0, effectively reducing
the dynamcis to that of a linear rotor. Generally, the peak
alignment of asymmetric top molecules at the full revival
does not reach the same value as at the peak intensity of
the truncated pulse.27,29
For both molecules, the dephasing due to the nuclear-
quadrupole coupling is comparable to the impulsive align-
ment case with intermediate intensities, see Fig. 1 b, f. For
DIB, the inter-J coupling due to quadrupole interaction
noticeably influences the populations of rotational states
during the pulse, where the dynamics shows nonadiabatic
behavior. The alignment then starts to slightly deviate
from the quadrupole-free results directly after the trun-
cation of the laser field. By including the coupling, the
strongest peak alignment was observed at the full revival
t = τrot with
〈
cos2θ
〉
= 0.85 (0.84) for I2 (DIB), which is
larger than the peak alignment obtained in the impulsive
regime, see Fig. 1 d, h. However, the enhancement of
the post-pulse alignment by using truncated laser pulses
instead of impulsive-kick pulses was much smaller than
without the quadrupole interaction.
Post-pulse dynamics of excited rotational
states While state-selected molecular beams20,24,51–55
or ultracold-molecules techniques56,57 can produce near-
0 K samples, this is not generally feasible, especially not
for the heavy organic molecules discussed here. There-
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FIG. 3. Impulsive alignment for the initial states |3132〉 and
|4400〉 of DIB including the quadrupole coupling (QC) and
neglecting it (noQC) as a function of t/τrot. The duration of
the laser pulse is τFWHM = 1 ps and (a) I0 = 1× 1011W/cm2
and (b) I0 = 1× 1012W/cm2.
fore, we investigated the impulsive-alignment dynamics
for several initially excited states of I2 and DIB. Since
comparable results were obtained for both molecules, we
focus our analysis on DIB, namely the rotational states
|JKaKc ,MJ〉 = |313, 2〉 and |440, 0〉. For both excited
states, we observe a qualitatively similar influence of the
quadrupole coupling as for the rotational ground state.
For I0 = 1× 1011W/cm2,
〈
cos2θ
〉
in Fig. 3 a approaches
1/3 on timescales similar to the one in Fig. 1 e. For the
higher intensity I0 = 1 × 1012W/cm2, we find a more
significant decrease of the post-pulse alignment for the
initial state with J = 4,MJ = 0, Fig. 3 b than for the ro-
tational ground state, Fig. 1 h. This can be attributed to
the populations of field-free eigenstates, which are shifted
toward smaller values of J for |440, 0〉. However, for other
excited states the impact of the quadrupole coupling for
higher laser intensities can be smaller, as is the case for
|3132〉. Thus, for a thermal ensemble of molecules, we
expect a small influence of nuclear-quadrupole interac-
tions on the post-pulse alignment induced by strong laser
fields. However, to accurately describe the alignment the
coupling cannot be fully neglected even in this regime.
Furthermore, on longer timescales even small frequency
shifts will lead to a significant decrease of the alignment.30
IV. Summary and Conclusions
In conclusion, a significant dephasing of rotational wave
packets was observed in the post-pulse dynamics for differ-
ent laser-field shapes and intensities. The influence on the
degree of alignment is the largest if low-energy, small-J
rotational states dominate the dynamics and diminishes
for highly excited states. For initially excited rotational
states, the quadrupole coupling has a similar effect on the
post-pulse dynamics as for the rotational ground state,
which we expect to hold for thermal ensembles as well.
Adiabatic alignment is essentially not affected by the
nuclear-quadrupole interactions.
Our results emphasize the need to take into account
the nuclear-quadrupole interactions in the description of
field-free alignment for molecules with heavy nuclei with
large nuclear quadrupoles. Since many biomolecules in-
clude such heavy elements, we plan to investigate other
molecular species and their properties including rota-
tional constants and molecular symmetry in the context
of nuclear-quadrupole interactions.
Appendix
A. Spin-statistical weights of hyperfine states
To derive the weights of the iodine-spin-rotational wave
functions of DIB, we made use of its molecular symmetry
group D2h, the corresponding character table can be
found elsewhere.58 Pure rotational states obey either Ag,
B1g, B2g or B3g symmetry, while the iodine nuclear-spin
functions |I〉 obey Ag or B1u symmetry for I odd or even,
respectively. This follows from the effect of symmetry
operations Pˆ that involve a permutation of the iodine
nuclei, Pˆ |I〉 = (−1)I1+I2+I |I〉, yielding a sign change for
even values of I. The representation generated by the
hydrogen nuclear-spin functions was derived58 as 7Ag ⊕
3B1g ⊕ 3B2g ⊕ 3B3g. We considered rotational states
having either Ag (|JKaKc〉 = |000〉 and |440〉) or B2g (|313〉)
symmetry. With the requirement that the total internal
wave function has to be of B1g or B1u symmetry, we
obtained weights of 7 (3) for even (odd) I for the former
case, while for the latter all spin-rotational states have
equal weights.
In the case of the diatomic I2 molecule, there are no
additional nuclear spins leading to degeneracies of the hy-
perfine levels. However, in the electronic and vibrational
ground state considered here, states with J and I having
opposite parities are forbidden due to the generalized
symmetrization postulate.45
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